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The evolving size, composition, and temperature of evaporating ethanol/water aerosol dropttg:@bin

radius are probed by cavity enhanced Raman scattering (CERS) and laser induced fluorescence. This represents
the first study in which the evolving composition of volatile droplets has been probed with spatial selectivity
on the millisecond time scale, providing a new strategy for exploring mass and heat transfer in aerosols. The
Raman scattering intensity is shown to depend exponentially on species concentration due to the stimulated
nature of the CERS technique, providing a sensitive measure of the concentration of the volatile ethanol
component. The accuracy with which we can determine droplet size, composition, and temperature is discussed.
We demonstrate that the CERS measurements of evolving size and composition of droplets falling in a train
can be used to characterize, and thus avoid, droplet coagulation. By varying the surrounding gas pressure
(7—77 kPa), we investigate the dependence of the rate of evaporation on the rate of gas diffusion, and behavior
consistent with gas diffusion-limited evaporation is observed. We suggest that such measurements can allow
the determination of the vapor pressures of components within the droplet and can allow the determination

of activity coefficients of volatile species.

1. Introduction Experiments have been typically performed on droplet@@
o o ~um in radius. The influence of organic components on the

A quantitative description of mass and heat transfer in gyaporation of water droplets has received some limited
aerosols is of importance in scientific disciplines as diverse as gientiond Electrodynamic levitation and Raman spectroscopy
combustion science, and atmospheric chemistry and physicShave also been used to investigate the deliquescence and
Techniques for probing the evolution of aerosol particle size, offigrescence of inorganic/aqueous aerosol partfigsin a
temperature, and composition are essential to fgl!y ch_aracterizerecem study, Raman spectroscopy was used in addition to elastic
the mechanisms of mass and heat transferaddition, if the gt scattering to probe the deliquescence/efflorescence of single
sp_anql mhqmogenerqes in qomposmon gnd temperature that|gyitated HSOy/NHa/H,0.12 Raman spectroscopy has mostly
arise in a single particle during evaporation or growth can be fajled to provide a quantitative measure of droplet composition,
explo_red, arigorous assessment of current mass and heat transfe{q in only a few examples have compositional measurements
theories can be undertaken. been possiblé314Thus, the evolving droplet composition during

A wide range of experimental and theoretical studies has beenmass transfer has proved challenging to monitor.
undertaken to investigate mass transfer in aerosols, the majority Fluorescence spectroscopy has been used to probe the
of which investigate the evolution of an ensemble of parti@ffés. evolving size of evaporating droplets. The evaporation rate of
Focusing more particularly on studies in which measurements pure ethanol droplets of radius30 um has been investigated
are made on a single aerosol droplet rather than an ensemblepy Chang et a5 by doping the droplets with a fluorescent dye
the evaporation of single-component and binary droplets have (Coumarin 481). Fluorescence is enhanced at resonant wave-
been examined by probing the evolving droplet size using elastic lengths commensurate with whispering gallery modes (WGMs),
light scattering and fluorescence methods. Devarakonda et al.also known as morphology dependent resonances, providing a
used elastic light scattering and Mie theory to examine the structured fluorescence spectrum that corresponds to a unique
changing droplet size occurring as a result of evaporation for fingerprint of droplet size. By monitoring the resonant wave-
binary droplets composed of ethanol and meth&yl.probing lengths within the fluorescence spectrum at various times
a droplet train at various evaporation times, they were successfulfollowing droplet production, they monitored the evolving size
in extracting thermodynamic parameters such as vapor pressuref the evaporating droplet, allowing the evaporation rate to be
and activity coefficients for alcohol droplets initialty11 xm accurately determined. Using a similar approach, Pastel et al.
in radius. Several groups have studied the evaporation of lowermeasured the evaporation rates ef2lum droplets of ethylene
volatility droplets by monitoring the evolving size of a single  glycol doped with Rhodamine 598 The size change of single
droplet trapped in an electrodynamic balance using elastic light droplets, which were trapped in a 2@ hollow fiber by two
scattering. Davis et al. have studied the evaporation of severalcounter propagating laser beams, was monitored by comparing

multicomponent systems including droplets composed of 1-bromo- the change in wavelength of WGMs to values obtained using
tetradecane and l-iodododecane, 1-octadecene and 1-bromawiie theory.

hexadecane, and dibutyl phthalate and dioctyl phthélate.  |n this publication, we demonstrate that cavity enhanced
Raman scattering (CERS) and laser induced fluorescence can
* Corresponding author. E-mail: j.p.reid@bristol.ac.uk. be used to probe the evaporation of binary ethanol/water
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droplets, providing information on evolving droplet size, Buffer Gas Flow _
composition and temperature. CERS not only enables droplet (1-35000 em'/min) _I D A
size to be measured but also allows droplet composition to be Teflo gy | THACECoretON
quantified with high accuracy and with spatial selectivity!® Computer | Signal
We examine the evaporation of a train of droplets in the size ERIDEL it :
range 25-57 um into a dry nitrogen atmosphere over a pressure
range of 777 kPa. Under these conditions, which can be
classified as falling within the continuum regime, gas diffusion
limits the evaporative flux from the droplét.By monitoring
the evaporation of droplets produced in a droplet train, we can
explore the evaporation of such highly volatile droplets at a
short time after production (0:2L0 ms). Raman scattering

A spherical droplet behaves as a low loss optical cavity at _F
wavelengths commensurate with WGMs. Such resonant modes ICCD  Spectrograph
occur when an integer number of wavelengths (the mode gigyre 1. Experimental apparatus, illustrating that droplets can be
number,n) form a standing wave around the circumference of reproducibly positioned in the focal waist of the pulsed Nd:YAG laser
a particle, thus providing a mechanism for optical feedBagk 23 allowing reproducible alignment of the Raman scattered light with
Nonlinear stimulated Raman scattering (SRS) occurs only at respect to the spectrograph entrance slit. The ICCD, laser pulse and
wavelengths commensurate with WGMs and the Raman banddroplet generation are synchronized.
has a structured, rather than a continuous, band p#SfiRlhe ) _
wavelengths of the WGMs can be used to determine the dropletWave voltage of 620 V provided by a SRS DS335 signal
size by performing Mie scattering calculations, as described generator, which acts to drive the oscillation of the crystal. A
previously?* The CERS spectral bands occur at specific Raman HeNe laser, focused to a beam waist estimated to 2@xm,
shifts characteristic of the chemical constituents of the droplet, IS €mployed to monitor the stability of the droplet train by
providing a signature of composition in addition to size. The Observing the elastic scattering diffraction pattern. The HeNe
exponential rise in the SRS signal from a specific component laser also serves to define the optical collection axis perpen-
with an increase in concentration provides an accurate methoddicular to the propagation axis of the probe laser beam. This
for determining droplet compositidi- 28 In addition, the SRS enables droplets to be reproducibly positioned m_the fopal waist
signal arises from the outer rim of the droplet, propagating from ©Of the pulsed Nd:YAG laser and allows reproducible alignment
the interface to a depth ofR/m measured from the droplet of the Ram_an scattered light with respect to the spectrograph
center, wherd, is the droplet radius anch is the real part of ~ entrance slit. . . .
the refractive inde®9-3 The maximum propagation depth of A Continuum Surelite Nd:YAG laser operating at the tripled
light circulating within the droplet is determined by the depth fundamental wavelength (355 nm) is focused to a beam waist
to which the light can travel while still undergoing total internal comparable in size to the droplet being illuminated, ensuring
reflection on encountering the interface. Thus, for aBtradius ~ that only a single droplet is illuminated. Laser pulse energies
water droplet, the SRS signal originates from the outepifi5 greater than 1 mJ lead to optical saturation effects_ and Iase_r
shell of the droplet. The nonlinearity and the spatial selectivity induced breakdown and these effects have been discussed in
of the SRS signal make the technique ideally suited for €arlier publicationg®* Thus, pulse energies between 100 and
investigating the compositional changes accompanying droplet800«J are used in this work with the majority of measurements
evaporation or growth. made_with a pulse energy of_2(_m]._ The laser delivers puIS(_e

In section 2 we describe the experimental technique and EN€rgies of up to 100 mJ. This is first reduced to 1% by using
discuss the errors associated with the measurements. A descripi1€ back reflection from an uncoated BK7 window to illuminate
tion of the quantities measured is presented in sections 3.1 andhe droplet. Fine control in pulse energy can then be achieved
3.2, with reference to the standard formalism for droplet PY varying the time delay between the laser flashlamps and
evaporation within the continuum regime. In section 3.3, Q-Switch. The aerosol chamber is mounted oty &ranslation
measurements of the evaporation rates of ethanol/water droplet$tage, allowing the droplet train to be translated in two
are presented and discussed in section 3.4. The objective of thidndependent horizontal directions with respect to the laser beam
study is to provide a benchmark test of the experimental @nd collection axis. Thus, preferential edge illumination of the

technique allowing further research into mass and heat transferdroplet is possiblé? . . . .
to be conducted. The laser pulse, droplet generation, and gating of an intensi-

fied CCD (Princeton Instruments PI-MAX camera) are syn-
chronized to allow the CERS signal from a single droplet to be
collected. Single laser pulse, single droplet CERS spectra are
We first describe the experimental method and technique collected with a 0.5 m focal length Acton SpectraPro 500i
before discussing the accuracy with which droplet size, tem- spectrograph equipped with a 2400 g mindiffraction grating
perature, and composition can be determined. providing high-resolution wavelength dispersion (0.012 nm/CCD
2.1. Description of the TechniqgueThe CERS experimental  pixel). Spectra are collected over a wavelength range 0f-391
technique for determining the composition of alcohol/water 408 nm. This range encompasses both the CH and OH Raman
droplets has been introduced in a previous publicdfichhe signals from ethanol and water at wavelengths centered at 395.6
modified experimental apparatus used in this study is illustrated and 403.8 nm, respectively, corresponding to Raman shifts of
in Figure 1. A vibrating orifice aerosol generator (VOA®), 2900 and 3400 cmi, respectively. Composite CERS spectra
located within a regulated aerosol chamber, is used to generatdor compositional analysis were generated by the addition of
a collimated train of droplets with a Gaussian size distribution ~500 single droplet CERS spectra. Both single laser shot and
of breadth4200 nm at the full width half-maximur#f. The composite CERS spectra are illustrated in Figure 2. This signal
piezoelectric crystal of the VOAG is modulated with a square- accumulation procedure leads to a signature of composition

Delay
Generator||0.2-8 ms

L=
 Nd:YAG

" Translation Stage

2. Experimental Technique
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Figure 2. CERS composite spectra for 3781 radius 18% v/v ethanol/ E
water droplets at 0.2, 0.8, 1.3, 1.7 and 2.0 ms after generaiong, 101
respectively), evaporating in a dry nitrogen atmosphere at 13.2 kPa. A (b)
CERS fingerprint from a single ethanol/water droplet is shown for 0 o1 5 3 3 5 ¢ %

comparison. Fall Time / ms

averaged over variations in droplet size and laser alignment. Figure 3. (a) An example of a droplet fall time measurement. The
The resulting spectrum has a smooth CERS band contour: thefall time is indicated by the arrow and is determined by the delay in

i the elastic light scattering intensity as measured by a photodiode from
extremely sensitive dependence of WGM wavelengths on time zero. The step in frequency is shown at time zero with the

droplet size leads to an average composite CERS band with nOyqqyjation frequency displayed on the right axis. The elastic light
residual structure. scattering intensity is given by the left axis. (b) Variation in fall height
The time taken for the droplets to fall into the laser probe with fall time allowing the determination of fall velocity.

region, and thus their velocity, was characterized using an elastic 020

light scattering method under the full range of conditions used 0.18]

in this study. The signal generator alternates between two 0.16]

frequencies, generating two droplet sizes. A HeNe laser inter- < 0.14]

rogates the droplets at a known distance from the generation 2 0.12] ] I . L ]
region. The elastically scattered light from the droplets is < 0.10{—] 1 ¢ 1 %
monitored using a photodiode, with the resultant signal recorded 5 0.081_, 1 5

on a TDS 3034B Tektronix oscilloscope. The fall time is < 0.067 z : :
determined by the time delay between the change in droplet 0.041

size at the generator and the detection of a change in elastic g:gg

scattering intensity at the fall height, as illustrated in Figure i 2 3 45
3a. The fall time is measured at varying distances from the N flow (I min")
droplet generator, with the gradient of a plot of fall distance Figure 4. Invariance of area of the CH to OH CERS band with N
against fall time yielding the droplet velocity as illustrated in OW at two chamber pressures, 13 and 73 kPa (triangles and circles
Figure 3b. The velocity of droplets under the conditions used respectively). The lines represent the best linear fit to the data.
in this study was determined as #1 m s, and droplets that CERS can be used to simultaneously determine the size
were probed at fall times varying between 0.2 and 10 ms. and composition of ethanol/water droplétsThe accuracy by
The aerosol chamber has been described in detail in an earliewhich we are able to determine particle size from a CERS
publication3® The droplet evaporation time is varied by changing spectral fingerprint from a single droplet has also been discussed
the distance between the droplet generation region and probein detail2* The compositional and temperature changes expe-
laser by translating the aerosol generator vertically. Utilizing rienced by an evaporating droplet will clearly reduce the
the regulated aerosol chamber, we introduce the ethanol/wateraccuracy with which the droplet size can be determined by
droplets into a dry nitrogen atmosphere at a pressure within giving rise to an uncertainty in the refractive index of the droplet.
the range #77 kPa. Nitrogen is passed through the chamber The maximum change in ethanol concentration from evaporation
at a flow rate of 5000 cfmin~. Experiments were conducted in this work is~1% v/v in the range 1718% v/v. Taking the
to ensure that the flow rate of the gas phase had no impact onuncertainty in composition to be1% v/v, the uncertainty
the evaporation of the droplet and to avoid the departed flux associated with the calculated droplet radius can be shown to
from previously sampled droplets influencing the evaporation increase from 2 nm for a 1m radius droplet to 6 nm for a 40
of subsequent droplets. The integrated intensity ratio of the CH um radius droplet, reflecting an uncertainty in the refractive
to OH band, providing a measure of droplet composition, was index of 7.5x 1074, Over the temperature range 27303 K
measured at nitrogen flow rates over the range HEID0 cn¥ the refractive index of the ethanol/water mixture varies from
min~! at a fall time of 5 ms. This measurement was made at 13 1.345 to 1.342* Taking this range as a reflection of the
and 73 kPa, and the results are presented in Figure 4. Invarianceincertainty in droplet refractive index, the uncertainty associated
in the integrated intensity ratio of the CH to OH band with with the calculated droplet radius increases from 10 nm for a
nitrogen flow rate is observed, suggesting the flow rate of the 10 um radius droplet to 100 nm for a 4@m radius droplet.
gas through the chamber has no impact on droplet evaporation.Thus, the uncertainties in refractive index arising from com-
2.2. Determination of Droplet Size, Composition, and positional and temperature changes in the droplet lead to errors
Temperature. We have illustrated in a previous publication that are similar to the estimated uncertainties that arise from
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the spectral resolution and wavelength accuracy of the spec-
trograph/ICCD?* More importantly, all of these uncertainties
are smaller than the breadth of the size distribution generated

by the VOAG, which precludes an accurate measurement of =
size change due to evaporation. Thus, the errors in size % 0.14
determination arising from uncertainty in composition and =
temperature can be ignored. Sizes are quoted to an accuracy of %0 01_'

0.1u4m and an associated breadth in size distributioa-200
nm should be assumed.

The nonlinear character of SRS stipulates that the CERS 1E-37+ = I It
signal is exponentially dependent on species concentration under % v/v Ethanol
optically unsaturated conditiodgUnsaturated conditions occur  Figure 5. Calibration curves for the variation in the ethanol CERS
when the pump photons trapped within the aerosol droplet are signal with composition for three droplet radii, 20, 35 and /&0
not significantly depleted by the Raman scattering process and(circles, squares and triangles respectively). The upper solid line is a

all experiments were performed under this regime. The expo- Inéar fit through the data for both the 20 and @ radius droplets
and the dashed lines are the maximum and minimum linear fits as

nential re""!t'O"Sh'p between SRS signal amp!l'Fude and SPeCIESyetermined from the intercept error. The lower solid line is a linear fit
concentration provides an extremely sensitive method for through the 5Qum radius droplet data.
measuring droplet composition. A calibration curve is first

formulated by using the OH peak intensity as an internal from the intercept error. An estimated accuracy in composition
reference and by comparing the integrated intensity ratio of the getermination of+£0.2% v/v can be determined from the
CH to OH Raman bands with varying composition in measure- maximum and minimum linear fits for these droplet sizes. The
ments made at atmospheric presstirehe CH (395-396 nm) calibration plot for droplets of 5@m radius is treated separately.
and OH (406-405.5 nm) bands are integrated over their full |t is clear that there is a change in integrated intensity ratio for

spectral range to calculate the calibration ratio. There is no groplets in this larger size regime as a consequence of a reduced
contribution to the SRS OH band from ethanol for droplets jntensity illuminating the droplet resulting from the use of a

composed of ethanol/water, and this has been measured over fonger focal length lens and a larger focal waist. In the
wide range of ethanol concentrations including pure ethanol. eyaporation measurements that follow, this calibration curve was
The SenSitiVity in meaSUring droplet CompOSition for the two used for measurements of the evaporatiorpﬁo um radius
pump wavelengths of 532 and 355 nm has been explored ingroplets. All other measurements for other droplet sizes were
previous work and it was concluded that the pump wavelength performed with the shorter focal length lens and the former
of 355 nm offered the greatest sensitiVifyAt this wavelength, calibration curve was used.
the CH to OH intensity ratio increases by 2 orders of magnitude  proplet temperature is characterized by laser induced fluo-
over the ethanol concentration range-1i8% v/v. This allows  rescencé5 Multicomponent ethanol/water droplets are doped
the composition to be determined with an estimated accuracywith Rhodamine B at a concentration ofsxd 10~ M, which
of +£0.2% v/v. exhibits a temperature dependent fluorescence spectrum. Droplet
An example of the accuracy with which composition can be fluorescence spectra were collected using the 300 g-imm
determined is illustrated in Figure 2, which shows the evolution diffraction grating over the wavelength range 5880 nm.
in the composite CERS spectrum with time for droplets of radius Conformity of fluorescence band shape recorded from the
37.8um evaporating in a dry Natmosphere at 13.2 kPa. All  droplet and bulk phases is essential and has been thoroughly
spectra are normalized to the maximum intensity of the OH investigated. By comparison with a bulk-phase calibration, the
band. The intensity of the CH Raman stretching band decreasedluorescence spectrum from the evaporating droplets can be used
in magnitude relative to the OH band with increase in time, to determine droplet temperature with an associated error
demonstrating that the more volatile alcohol evaporates moreestimated to be better thahl K. On the time scale of the
rapidly from the droplet than the less volatile water component. measurements presented herd @ ms), the Rhodamine B can
The equivalent change in alcohol concentration corresponds tobe assumed to be homogeneously mixed through the entire
a decrease from 178 0.2% v/v to 17.1+ 0.2% v/v over 2 droplet volume. Although for the fluorescence and Raman
ms. spectroscopy measurements the laser might be expected to
The size independence of the integrated intensity ratio of the perturb the droplet temperature, this does not appear to occur
CH to OH Raman bands has been investigated over the sizeon the time scale of the measurement with the droplet temper-
range 26-35,m at a pump wavelength of 532 nffiThe current ature recorded from the Rhodamine B fluorescence equivalent
study has examined the effect of a broader droplet size rangeto the ambient temperature withitl K. The fluorescence
on the integrated intensity ratio of the CH to OH bands using technique for measuring the droplet temperature will be
a pump wavelength of 355 nm. These results are presented indiscussed in more detail in a separate publication.
Figure 5 as calibration curves. Complications introduced by . )
evaporative losses were avoided by measuring the calibration3- Results and Discussion
plots at atmospheric pressure and a short exposure time of 0.2 The evaporation of a multicomponent droplet is a complex
ms. To maintain approximately the ratio between laser beam process to study. Davis and co-workers have outlined the
waist and drOplet radiUS, the focal Iength of the lens used was phenomena that must be accounted’f&n understanding of
varied from 10 cm for the 20 and 3&n radius droplets to 50  the diffusional transport of molecules within the droplet and in
cm for the>50 um radius droplets. the surrounding gas phase is crucial. The rapid evaporation of
There is no systematic variation in the integrated intensity highly volatile components can lead to nonisothermal behavior,
ratio for droplets of radius 20 and 36n. A linear fit through with the surface undergoing a more rapid fall in temperature
the data for both of these droplet radii is presented in Figure 5, than the interior as the droplet undergoes evaporative co#ling.
coupled with maximum and minimum linear fits as determined A steep temperature gradient is established near the interface
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and the surface temperature falls until the rate of heat transfer
between the particle and surrounding gas phase baléhoes

this steady state is achieved, unsteady evaporation kinetics are
followed, with the evolution in droplet size, composition and
temperature with time leading to a temporal variation in the
evaporation rate. In addition, Stefan (or convective) flow must
be considered under such conditions. Most evaporation studies
using droplet trains have considered that quasi-steady-state
evaporation can be assuni&dowever, in recent measurements
made within 1 ms of droplet generation, Devarakonda and Ray 551
have more accurately considered the evaporation of droplets

produced by a VOAG to be unsteady and have included a 301 l
correction termy,, for the interparticle interactions that occur 451
between adjacent particles within the tr8lnWe adopt their
approach in this work.

& o
w (=
:

Loss of Ethanol / % v/v Ethanol
5

Radius (um)

4] 1 I I

3.1. Evaporation in the Continuum Regime.In the evapo- 24-%3{% g @ :
ration measurements performed in this study, the mean free path ~ 4
) . : ) O 221
of molecules in the surrounding gas phakeis considerably <
shorter than the radius of the droplB. This is characterized s 201 % .
by the Knudsen numbekn.36 g {»
g 184
g [ ]
Kn= %p (1) 16 ¢ .

0 2 4 6 8 10 12
Ti

The Knudsen number, as calculated from the range of pressuresF_ 6. Depleti ¢ oth mlle (ms) . ith ti d th

(9_73 kPa) and droplet SiZES (2_57 /,{m) used in thiS WOI’k, igure ©. ep etion of ethanol concentration with time and the

corresponding change in the droplet size distribution. A calculation
has a value between>4 1072 and 2x 10°°. Thus, even qt the basedpon thegquasi-%teady treatrr?ent of ref 38 is shown by the solid
lowest pressure of 9 kPa and the smallest droplet radius of 26jine. Coagulation of droplets in the droplet train at times later than 6
um, Kn < 1 and the evaporation is limited by gas diffus®n.  ms is evident. Droplet temperature is measured at two pressures.
The instantaneous flux (moles timé of species away from Droplets were 40.2um in radius, evaporating into an atmosphere of
a droplet can be determined from considering the interfacial dry nitrogen at 77 and 7 kPa (squares and circles respectively).

mass balancg: L -
ethanol remaining in the droplet from eq 3 simplified to the
yXPi(TY  Pio following form,

"RL RL @)

dn,
i —27RShD;

0 2R NSOy eon Y ErorXetorPeor(TS dt

. e . ) Newon = Neor —
whereDy; is the diffusion coefficient of the vapor of species EtOH — TEtOH R 0 T,

in the surrounding bath gaShis the Sherwood number, which (%)
accounts for the correction in mass transfer that must be included ) )

when considering a falling droplet instead of one that is Where the superscript zero denotes the starting value of the
stationary, and is the correction for interparticle interactions. number of moles of ethanol in the droplet. Under unsteady
The activity coefficient of specieisis denoted byy;, the mole conditions, the activity coefficient, mole fraction of ethanol,
fraction byx;, and the vapor pressure of the comporieattthe vapor pressure of ethanol and surface temperature are dependent
surface of the droplet with a surface temperatureTofby on time. We now move on to_dlscuss the temporal measurements
pi(To). The partial pressure of componerin the gas phase at  Of the droplet composition, size, and temperature j[hat have been
an infinite distance from the droplet is denotedpay and the ~ Performed, which can yield important insights into the key
temperature of the gas phase By Thus, the flux of ethanol ~ Processes occurring under unsteady conditions. By varying the

from the droplet into dry nitrogem(. = 0) can be written as surrounding nitrogen pressure, we are also able to demonstrate
that the evaporation is occurring within the continuum regime

dn y Peon(T. and are able to estimate the vapor pressure of ethanol in the
O 9rR Sy E o B! 2 @ droplet o o

s 3.2. Characterization of Droplet Coagulation in the
Aerosol Train. The magnitude of deceleration experienced by
falling droplets depends on both droplet size and veld€ityhis

with a similar expression for the flux of water from the droplet.

The variation in the diffusion coefficient of ethanol with nitrogen deceleration effect has implications for performing time de-
pressurepy, (in kPa), can be calculated from the diffusion P P 9

. . 3 pendent evaporation studies with a droplet train apparatus.
Egr;sﬁnst_?ggethanol in dry nitrogeBecon, Of 1.04 x 107 Droplets 40.2«m in radius, with a fall velocity of~10+ 1 m

s 1and an initial separation estimated tob& x 105 m, were

Deon introduced into a dry nitrogen atmosphere at 77 kPa. The time
D _ _EonN (4) dependence in the ethanol concentration was measured under
g,EtOH . - . L
P, these conditions over-a10 ms period, showing a reduction in

ethanol fraction from 18.6% v/v to 17.6% v/v; this is illustrated
In the measurements presented here, the change in droplet radius Figure 6. After this time, there is a change in the temporal
is <1% of the initial droplet radius and we can therefore behavior of the integrated CERS intensity ratio, and it becomes
determine the time dependence of the number of moles of approximately invariant within the associated error.
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Figure 7. Variation in ethanol concentration with nitrogen gas pressure
probed at 0.2 ms for droplets of radius 29 and;5% (squares and
triangles, respectively). Calculations based on the quasi-steady treatment
of ref 38 are shown by the solid line.

A droplet size distribution was determined at each fall time
from the individual CERS fingerprints of which the composite
spectra are composed and is also shown in Figure 6. The
Increase in the average size in the dls_trlbutlon after 6 ms can Figure 8. (a) Calculated radial dependence,of the internal field
be attributed to the disparity in deceleration of different droplets, jytensity for a WGM of mode order=7, illustrating that the light
leading to the eventual coagulation of two sequential droplets intensity is concentrated at distances greater tha.75R, (or R/m)
in the train. The droplet radius increases from a mean value of from the droplet centeé® (b) Schematic showing the CERS signal
~40+ 1to~50+ 4 um, and a simple calculation of the volume volume (shaded gray) as a fraction of the total volume and the distance
of each droplet reveals that this is the result on average of two ©Ver which a ethanol molecule can diffuse (between the two concentric
droplets coagulating. The change in the evaporation rate apparen?aShed circles) during the time scale of the measurement (0.2 ms).
in Figure 6 following coagulation is a consequence of the change
in surface area-to-volume ratio for the droplets prior to and after and water from the droplet.

coagulatllc')n. . o _ The decrease in ethanol concentratid®Vewon, can be
In addition to measuring both the changing size and composi- determined from the initial concentration and the ethanol
tion of droplets in the aerosol train at various fall times, the remaining in the droplet after 0.2 ms. Thus, we must relate eq

evolution in droplet temperature during the unsteady evaporations to the A%Vgon. This is considered in the Appendix and eq
has also been determined by laser induced fluorescence. Droplets can be written in the form

were probed under the same experimental conditions used for

the size and composition measurements with a dry nitrogen A%Vg,q, =

pressure of 77 kPa, and also at a reduced pressure of 7 kPa.

These results are presented in Figure 6. A decrease in droplet —100VnnEtoH 2R ShD, o 7 erorXeorPeon( T2
temperature of 7.5 1 °C is measured at 7 kPa, whereas at the Votal R 0 Ts

higher pressure used for the size and composition measurements, ) ) )
invariance in droplet temperature is observed. The evaporative WheréVioai is the total volume of the droplet. This can be written
flux is greater at lower pressures, resulting in a higher degree 85

of evaporative cooling. The invariance in temperature occurring AV, _

at the higher pressure indicates that although the droplet is™”°VEtOH —

evaporating, as seen from the change in composition, the 3VineioH7ShD, Eon ot Etor*eionPeioH(TS)
evaporation rate is not sufficient to lead to significant evapora- —100 2R 2R 0 T dt (7)
tive cooling. It should be noted that the temperature measure- Ro *

ments provide an average droplet_ temperature and are nOtIt should be noted that no change in droplet radius over the
particularly sensitive to the depression in surface temperatureexperimental conditions used was measured. The aerosol

that occurs. - o ) generation produces a droplet size distributiort@00 nm, so
3.3. Gas-Diffusion-Limited Evaporation. To assess the  any change in droplet radius occurring due to evaporation is
potential of using the CERS technique to quantitatively probe <200 nm. Over the droplet radius range examined in this

evaporation dynamics, we have investigated the dependence Ofaxperiment, the change in volume due to a decrease in droplet

the droplet composition on the pressure of dry nitrogen adius of 200 nm equates to volume changes of k6B015
surrounding the droplets. Measurements have been made fokn3 from an initial volume of 7.36x 10~ m3 for a 27 um

droplets of a range of sizes (26 to @h radius) and initially radius droplet, and & 1015 m3 from 7.8 x 10-13 m3 for a 57
containing 18.4% v/v ethanol at a time of 0.2 ms following ,m radius droplet. As this volume change is smaiBs), it is
generation. The concentration of ethanol remaining in the droplet 3ssumed that the partial molar volumes of ethanol and water
after this time provides a measure of the relative fluxes of and the total droplet volume are the same at the start and finish
ethanol and water away from the droplet. . Compositions, i.e.Vmeon ~ Veon and alsoVipar~ V2.

The dependence of the final ethanol concentration on gas It is necessary to consider the depth probed from the droplet
pressure is illustrated in Figure 7 for two droplet sizes. Ethanol interface by the CERS measurements. As an example, an internal
and water evaporate from the droplet at different rates; ethanolfield calculation has been performed for br= 7 resonance
has a higher vapor pressure than water and evaporates from thexpected to be typical of those contributing to the CERS signal
droplet at a greater rate. It is evident that reducing the pressurefor the droplet sizes investigated héfe¢® This is illustrated in
of dry nitrogen surrounding the droplet increases the gas Figure 8a. This shows that the signal volume is located in the

diffusion rate, thus increasing the evaporative flux of ethanol

dt (6)
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Figure 9. Correlation between the magnitude of the change in ethanol
concentration of the droplet at 0.2 ms and the (gas diffusion constant
x Sherwood number) for droplets of radius 29 and.&7 (circles and
triangles, respectively).
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outer shell of the droplet, penetrating to a depthRgim, or
0.75R,. Thus, the signal volume represents a fraction of the
total droplet volumeW(Signal), given by

3 3
W(Signal)= w ~0.58 (8)

On the time scale of the measurements (0.2 ms) the diffusion
distance of an ethanol molecule in the bulk of the droplet is
calculated to be 0.eum from the liquid-phase diffusion
coefficient of ethanol (1.43x 10°° cnm? s71).39 This is
considerably less than th&/m distance, as is illustrated in
Figure 8b and indicates that the change in composition in this
outer shell does not reflect accurately the total droplet compo-
sitional change. To account for this, all subsequent compositions
%Vewon are weighted by the signal and core volume fractions,
W(Signal) andwW(Core), according to the equation

%Veon(Weighted)= W(Signal)%/g,q(Signal)+
W(Core)%/g,o(Core)

= 0.58%/on(Signal)+
0.42%/g,o(Core) (9)

where Weion(Weighted) is the volume weighted composition,
%Veon(Signal) is the measured composition andgen(Core)

is the core composition, which is equal to the initial composition
of the droplet.

Although a full time dependence of the evaporation with
varying pressure and droplet size would allow a complete
evaluation of the integral in eq 7, in this work we make the
assumption that the change in surface temperature, and thus th
change in vapor pressure, is negligible. Future work will address
this more thoroughly to account for the unsteady evaporation

rate, but such an approximation is reasonable over the 0.2 ms

time frame used here. Within this approximation, eq 7 can be
written as

A%Veon =

3Vm EtO HAt

{ —100 2RT,

VEtOHXEtOHpEtOH(Ts)} %Dg,EtOHSh (10)

Thus, for a particular droplet size, the depletion/A#6Veion
should show a linear dependence w8h D g0 at a fixed
droplet exposure time. This is observed in our experimental
results, as illustrated in Figure 9. The change in ethanol
concentration with varying diffusion constant is measured for
five droplet radii ranging from 26 to 54m. The Sherwood
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Figure 10. Variation in the gradient of plot in Figure 8 witji(droplet
radius¥, allowing the vapor pressure at the surface of the droplet to be
determined. (Note: The gradient has a negative value).

number can be estimated from the Reynolds numRerand
Schmidt numbersSg as shown below:

Sh= 2+ 0.6v/RevSc

The Reynolds and Schmidt numbers are defined as follows:

(11)

v,2
Re=— h: (12)
Vair
_ Yai
Sc= D (13)

9

wherey; and vy are the terminal velocity of the droplet and
the kinematic viscosity of air, respectively. THsisis dependent
on both the droplet diameter abg g0 and is therefore factored
into every measurement &%Veop.

From eq 10, the gradient of the dependence of ethanol
depletion orDgeton Shshould show a linear dependence on

NIR2, i.e.
d(A%Veen)

— 3VmEtOHAt
d(ShD eror)

—100 2RT,

7 etor*eroHPeion(Ts) lz
Ro
(14)

This is illustrated in Figure 10 which shows the variation in
the gradient, taking the rate of ethanol evaporation with change
in diffusion coefficient for five droplet diameters; is the
interaction parameter and accounts for the interparticle interac-
tions occurring between evaporating dropft®evarakonda
and Ray determined an empirical relationship for the dependence

of 7 on the dimensionless spacing between droplets Ifi),°

n = —0.0078+ (0.07874(/R))) (15)
wherel is the distance between droplet centéiis. calculated
usingl = »/f, wherev is the droplet velocity anflmodulation
frequency of the piezoelectric crystal of the VOAG. To maintain
the interaction parameter at a constant value in this WéR,
was kept at a constant value in all of the measurements presented
here and is calculated to be 3480.5.

3.4. Assessment of the Experimental Techniqud.o assess
the value of the experimental technique, it is possible to estimate
the vapor pressure of the droplet from the gradient of the
variation shown in Figure 10, i.e.

3Vm EtO HAt

Gradient= { _100TTSVEtOHXEtOHpEtOH(Ts)

} (16)
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It should be stressed that this provides a very approximate composition is likely to be lower than that measured due to the
estimation of the vapor pressure subject to considerable ap-disparity in the diffusion distance on the time scale of the

proximation. From these results, we calculgégrXetorPetor measurement and the signal depth. Applying a similar analysis
(Ty at the droplets surface to be 351 kPa. Ethanetwater to that discussed above that led to eq 8, the surface composition
exhibits a large positive deviation from Raoult's [&wThe can be estimated to bel11% v/v for the smallest droplets
vapor pressure of ethanol in a binary mixture of ethaneter evaporating at the lowest pressure. Both the temperature
with a concentration of 18.4% v/v can be estimated to be 1.85 depression and the surface composition would act to increase
kPa from measurements made at°€5* a factor of~2 lower the discrepancy between the literature vapor pressures and that

that the value estimated in this work, yet higher than the value measured, with the largest error arising in the measurements
estimated from Raoult's law of 1.2 kPa. Clearly, the vapor made at the lowest pressures for the smallest droplets. However,
pressure estimated from these data is an overestimate by a factogystematic errors in the signal volume and the interaction
of ~2 and it is necessary to consider the errors associated withparameter are most likely to counter this, with the signal volume
such a measurement. likely to be an overestimate and the interaction parameter likely

We first consider an additional error in the determination of to be underestimated.
the droplet composition that has not already been discussed. With the complexity of the surface cooling and concentration
The time-evolution of the OH band shape shows a broadening effects, and uncertainty in the signal volume and the interaction
on the low wavelength, low Raman shift edge over the time parameter, a more quantitative estimate of the uncertainties
scale of the measurements shown in Figure 2, with the shoulderassociated with each of these is not tractable here and a detailed
below 402.3 nm contributing only 5% to the full OH band analysis using existing treatments for the evaporation of
integral at 0.2 ms and 7% at 2 ms. For the compositional multicomponent droplets is essenfi&f A first step has been
measurements presented here, even with the maximum broadenmade in this direction by performing calculations based on the
ing evident at the longest evaporation times, the change in thequasi-steady treatment of ref 38. The calculated results are
integral of the OH band intensity leads only to a contribution compared to the experimental measurements in Figures 6 and
to the error in Weon of £0.1%. Thus, at the early times at 7 using a single scaling parameter to account for the fact that
which the vapor pressure is determined here, the broadening ofCERS probes only a fraction of the total droplet volume.
the OH band does not have any effect on the compositional Agreement is good for both the pressure and time dependent
determination. The band broadening reflects a depression in themeasurements and a similar level of agreement is observed for
near surface temperature during the course of the evaporatiorall of the data presented in this publication. A more complete
and will be used in future work to determine the near-surface discussion of this will be presented in a subsequent publication.
temperature. The line shape, frequency, and position of the
spontaneous OH band has been shown to be sensitive to the, Concluding Remarks
local hydrogen-bonding environment, and hence, the OH band
shape is sensitive to temperatdfe’® By scaling spontaneous We have discussed a novel experimental strategy for probing
Raman bands to fit the SRS bands, it should be possible tothe evaporation dynamics of multicomponent ethanol/water
determine the near surface temperature. Such a scaling procedurgroplets and we have demonstrated that it is possible to measure
has already been demonstrated to work for ion doped droplets,the evolving composition, size, and temperature of ethanol/water
confirming that the hydrogen bonding environment probed in droplets by CERS and LIF. This complements the technique
droplets by SRS is consistent with that observed in the bulk developed in earlier work by Vehring et al. that probed the
phase?’ evolving bulk composition of aqueous droplets by linear Raman

Perhaps the largest uncertainties arise from the correctionsspectroscopy® In this work, the application of stimulated
that have been made for the CERS signal volume and the Raman scattering provides a sensitive approach for probing the
interaction parameter for the droplet train. Although we believe evolving near-surface composition. This study has proven to
we have made a justifiable estimate of the CERS signal volume, be a benchmark of our experimental technique. Although
the CERS signal arises from the double resonance excitationquantitative agreement between the measured and literature
of stimulated Raman scattering and is dependent on the overlapvapor pressures is only within a factor of 2, further studies will
of the input and output resonant mode volurfe$his has a seek to investigate the origin of this difference.
tendency to narrow the radial extent of the signal volume and  The composition range that can be accessed by CERS is rather
the signal may arise from a region closer to the surface than islimited in this publication due to the exponential relationship
predicted by th&/mratio. In addition, the interaction parameter between species concentration and CERS signal. However, we
is dependent on the interparticle separation in the droplet train. can tune the composition range to which we are sensitive by
We have used an empirical estimate of the interaction param-varying the pump laser wavelength. In addition, recent work
eter}” but an underestimate of the interaction parameter would conducted in our laboratory has demonstrated that compositions
lead to an overestimate of the vapor pressure by a directly from 10 to 90% v/v alcohol can be accessed using a broadband
proportional amount. Thus, it is unlikely that an overestimate dye pump laser. As described earlier, we are also currently
of the vapor pressure by a factor of 2 could be accounted for developing CERS to measure the surface temperature of the
by an error in the estimate of this parameter, although the droplet, which can then be compared to the average droplet
interaction of droplets in the droplet train is almost certain t0 temperature as determined by the LIF technique. Knowledge
have an impact on the vapor pressure determination. This will of the surface and average droplet temperature under various
be investigated further in subsequent work experimental conditions will provide important information on

It is also important to comment on the failings of the steady- temperature gradients within the droplet allowing a fuller
state treatment adopted here. As the droplet evaporates, appreciation of unsteady evaporation. The techniques outlined
substantial cooling of the droplet interface is to be expected. in this publication will also be applied to optically trapped
This will lower the vapor pressure of the ethanol and water aerosol droplet4 which will enable the problems associated
components below that quoted above. In addition, the surfacewith interdroplet coupling to be removed.
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To perform the gas-diffusional analysis presented here, we also_ (34) Handbook of Chemistry and Physics,"B&d. 2003-2004 CRC

make the more significant assumption that the change in droplet
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The only time dependent variable is the number of moles of

ethanol in the dropletgion.
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